Purpose: Repair or relayering of aged methacrylate resin-based composites with new composites remains a challenge due to the depletion of free radicals in the aged composite after the initial polymerization. Controversy exists in the literature regarding the most optimal repair procedure for improving the adhesion between the repair resin and the existing resin composite materials. This systematic review analyzed the adhesion potential of resin-based composites to similar and dissimilar composites and aimed to determine the possible dominant factors affecting the bond strength results.
INTRODUCTION
Resin-based composites (hereon: composites) are widely used in dentistry since the progress in adhesive technologies. However, failures of composite restorations are still being reported in clinical studies ranging between 5% and 45% during an observation period of 5 to 17 years. 13, 28 Failure of a dental composite is often the result of degradation processes taking place within the polymeric matrix and the silanized filler particles of the composite. The degradation processes are complex and could be due to wear, abrasion, fatigue, enzymatic, hydrolytic, acidic or temperature related breakdown. 13, 57 When a composite restoration fails as a result of discoloration, micro-leakage, ditching at the margins, delamination or simply due to cohesive fracture, the restoration needs to be repaired or replaced. 5, 25, 41 Total replacement of the restoration is the most common procedure experienced in daily clinical practice. 45, 60, 64 However, this approach may be regarded as over-treatment when large portions of the restorations is clinically and radiographically considered free of failures. Moreover, complete removal of a failed restoration would generally entail removal of enamel and/or dentin leading to more loss of sound dental tissues that could inevitably result in weakening of the tooth or injuries to the pulp. 41 In such cases, repair actions would preserve the tooth as it is often difficult to remove a tooth-colored adhesive restoration without removing an integral part of the tooth.
In general, adhesion between two composite layers is achieved in the presence of an oxygen-inhibited layer of unpolymerized resin. 72 While in previous studies, it was stated that 40-50% of the unreactive methacrylate groups are present after photo-polymerization of the composites that allow for adhesion of new resin layers, unreactive methacrylate groups are reported to be reduced with time, thereby reducing the potential for bonding of resins. 46 Therefore, a great variety of surface conditioning methods and adhesion promoters have been proposed to improve the composite-composite adhesion such as roughening by burs, etching the substrate surface with acidic compounds, 17 air-borne particle abrasion, 23, 42, 62, 72 or using intermediate adhesive resins. 17, 18, 37 Although promising results were obtained with some of these surface conditioning methods in earlier studies, the tests were often performed on non-aged substrates where the results could be considered optimistic and do not represent the real-life clinical situations. Furthermore, earlier studies were often performed using the same type of composite as both the substrate and the adherend material. 6, 21, [54] [55] [56] 58, 72 This may not always represent the clinical situation. When a composite restoration fails and the patient has visited several dentists, it is not always possible to trace the information as to which composite material was used and under which conditions it was polymerized. In some occasions, even the restorative composite itself may no longer be launched. For this reason, often in the clinical situation, dissimilar composite materials are adhered to each other during repair. 45 Several studies demonstrated that the compositecomposite repair strengths could reach 20-80% of the initial bond strength, depending on the cohesive resistance of the material. 1, 22, 72 In contrast to the repair of immediately polymerized composites, repair of aged composites represents a challenge due to the depletion of free radicals in the aged composite after the initial polymerization. 5, 64 Even though the literature presents comparative studies, controversy exists regarding to the best surface conditioning method for optimum repair strength of composites. Moreover, aging of the substrate may affect the results. Since the test parameters vary considerably among the available published studies, there is apparent need to develop some guidelines in testing and interpreting the data on adhesion to composites.
The objective of this systematic review therefore was to analyze the adhesion potential of resin-based composites to the composites of the same kind or dissimilar ones and aimed to determine the possible dominant factors affecting the bond strength results.
MATERIALS AND METHODS

Search Strategy
Before the initiation of the literature search, a protocol to be followed was agreed upon by Research Part B: Applied Biomaterials. In addition, hand searches were performed on bibliographies of the selected articles as well as identified narrative reviews to find out whether the search process has missed any relevant article. This did not add to new additional articles to be involved in the review process.
Inclusion/Exclusion Criteria
In vitro studies reporting on adhesion to composite materials using macroshear, microshear, macrotensile, or microtensile, were included. Publications were excluded if composite was adhered onto tooth substance, data were not presented in MPa and temporary restorations were used. Also, studies performed with pull-out test were not included.
Selection of Studies
Two independent reviewers (B.K-D. and M.Ö.) screened the 78 titles retrieved from the electronic search for possible inclusion in the review. After initial elimination, based on the titles and the abstracts, 48 abstracts were accepted for inclusion by both reviewers. After discussion, a consensus was reached to include 47 articles. Full-text articles were obtained of the 41 selected publications. The two reviewers independently assessed the 41 full-text articles to determine whether they fulfilled the defined criteria for final inclusion. Any disagreement was resolved by discussion. Forty-one studies were found to qualify for inclusion in the review, while 6 articles had to be excluded after full text reading. Process of identifying the studies included in the review from an initial 78 titles is presented in Fig. 1 .
Data Extraction
The two reviewers extracted data independently using a data extraction form previously agreed upon. A data collection form containing 37 items was created and used to assess the experimental conditions that may possibly affect the bond strength. Disagreement regarding data extraction was resolved by discussion and a consensus was reached. The variables were recorded and tabulated in Excel sheets. Studies in which data on a certain variable were lacking or could not be calculated were scored as 'not reported' for the variable in question.
Statistical Analysis
Statistical analyses were performed using the Statistical Package for the Social Sciences 
RESULTS
Characteristics of the Included/Excluded Studies
The publications qualified for inclusion are presented in (Table 6b ).
Adhesion to Composite Substrates Aged with Water Storage
When substrate is aged with water storage, bond strength results for composite-composite combinations of the same material were significantly influenced by the surface conditioning 
DISCUSSION
Repair or relayering of composite materials is an integral part of dynamic treatment concept and serves for maintenance of such restorations without sacrificing from dental tissues during replacement actions. Composite materials need to be repaired either at early or late phases after their placement. Due to lack of experience with the specific material, inadequate shade selection or mismatch between the restored and the adjacent teeth can be corrected by relayering procedures. In this case, the composite materials are not aged and therefore adding a new layer of composite onto an existing, already polymerized composite does not present much of a problem during layering in the same session and could be considered as early repairs. 39 On the other hand, degradation of the composite surfaces that could be considered as a multifactorial clinical problem could result in aging of the material. Although clinicians spend 70% of their chairside time replacing restorations, 41 with the introduction of adhesive technologies, the service life of even such restorations could be prolonged. When composite is polymerized under the air, an oxygen-inhibited layer is always present. This layer contains unreacted acrylate groups which improve adhesion between the substrate and the second layer by the formation of covalent bonds. 35, 64, 68, 69 In fact, in aged conditions, active free radicals may be expected to be less. Since both early and late repair actions are of clinical interest for the aim of reducing the restoration cycle, mainly due to variations in testing environments, no consensus has been established in recommending the best repair protocol for early and late repairs. Hence, this systematic review aimed for analyzing the published literature in the field of composite repairs in dentistry and make suggestions for future investigations.
Typically the composite materials used in dental applications are based on methacrylate resins. While different aging procedures have been tried in the dental literature, in this review only thermocycling and water storage have been considered as aging regimens.
Despite the fact that water storage simulates aging due to water uptake only, thermocycling represents hydrothermal aging. Temperature changes and repetitive contraction-expansion stresses that occur in the composite materials could have a significant impact on the adhesion of the subsequent composite layer. In the selected studies, water storage hours showed a big variation between 8 and 17520 hours corresponding to 0.33 and 730 days, respectively. Water sorption level of composites certainly varies depending on their filler content in relation to the methacrylate monomer matrix and after a certain point saturation could be expected. In that respect, almost 2 years of water storage has undoubtedly a different effect than storage for less than a day. Variations in standard deviations could easily be attributed to this factor. Nevertheless, statistical analysis indicated that water storage did not significantly affect the results compared to non-water stored groups. In that respect, aging with thermocycling demonstrated more detrimental effect on the bond strength results.
Since thermocycling could be considered to represent worse case aging scenario, the data extraction was performed only from non-thermocycled (dry stored) and thermocycled groups. The number of cycling also for thermocycling groups showed a big variation ranging between 300 and 5000 cycles. Similar to water storage groups, the results presented here showed high standard deviations. According to the ISO norm 10477, 33 minimum number of thermocycling was proposed as 5000 cycles to assess metal-resin bond. To the authors`
best knowledge, such a standard does not exist for aging composite materials or for aging composite-composite adhesion. Therefore, some standardization on the aging protocols for composite materials seems to be crucial. The frequency of cycles in vivo remains to be determined at present and requires formal estimation. On the basis that such cycles might occur between 20 and 50 times a day, it is proposed that 10.000 cycles might represent one year of in vivo functioning. 17, 24 Based on the evaluated studies, aging composites in water storage (n=312 subgroups) was a more common practice compared to thermocycling (n=84 subgroups). This may relate to the availability of this device where the studies were conducted. Nonetheless, when substrate composite was aged either with thermocycling or with water storage and bonded with the same composite material, surface conditioning methods and in particular physicochemical conditioning methods showed a significant impact on the bond strength results.
In the selected 41 articles, a total of 506 experimental subgroups were identified with a great variety of surface conditioning protocols, namely 160 different methods were used to condition the composite surfaces prior to adhering the subsequent composite material.
Physico-chemical conditioning method was more frequently used than physical and chemical conditioning methods. The prerequisite for effective adhesion of polymeric materials onto any substance is to achieve a clean surface free of contaminants. In previous studies, the success of composite-to-composite adhesion was reported to depend on the chemical composition of the surface, its roughness, wettability, and the surface conditioning procedures applied. 3, 7, 30, 31, 44, 69 In the reviewed articles, while in the majority of the studies composite surfaces were typically grinded with silicone carbide abrasive papers ranging between 60 and 1200-grit, others started with cleaning the surfaces using etching solutions.
In fact, surface conditioning takes place already with the grinding processes and the starting surface roughness may have an impact on the results.
Since a great plethora of conditioning methods were noted, in this review they were categorized in four groups only. Clinically sufficient bond strength value is not known for composite-composite adhesion.
The great variation in testing parameters and testing environment would continue to create the confusion in the dental literature. Since in the future new studies are expected to appear in this field, the following points could be suggested:
• The steps of conditioning methods should be defined precisely.
• A consensus needs to be made on aging parameters.
• Exact composition of the composites should be given.
• Composite-composite bond strength should be verified with different test methods in one study.
• The bond strength data should be presented with confidence intervals, mean, minimum and maximum values.
• Failure types after bond tests should be listed in detail.
CONCLUSIONS
From this review, the following could be concluded:
1. Current studies regarding the composite-composite adhesion should be evaluated cautiously considering the surface conditioning method, aging conditions of the substrate composite and the employed test method. Some more systematic approach especially regarding to aging conditions is needed when studying adhesion to composites.
Future adhesion studies to composites should implement a non-conditioned control
group with exact definition of the conditioning protocol.
3. For dissimilar substrate-adherend combinations, when substrate is aged either with thermocycling or with water storage, the surface conditioning method seems to be insignificant but the test method influences the bond strength results.
4. For the composite combinations of the same kind, the impact of surface conditioning type was more significant.
Surface conditioning methods and in particular physico-chemical conditioning methods,
increased the composite-composite bond strength.
Clinical relevance:
For durable repair or relayering of aged composites, physico-chemical surface conditioning of the substrate composite seems to be essential. Tables   Table 1 . Search strategy in MEDLINE applied for this review. #: search, MeSH: Medical subjects heading, a thesaurus word. Table 2 . Articles selected for the review that met the inclusion criteria. Silicon Carbide bur 140grit+Bonding
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Wet-grinding 320grit+Bonding Tables 5a-b Significant effects of surface conditioning methods, test methods and their interactions on mean bond strengths for thermocycled groups for substrate-adherent type of a) being of the same kind (Substrate=Adherent) or b) dissimilar (Substrate≠Adherent). Potentially relevant studies according to initial electronic search n= 78
Studies retrieved for abstract evaluation n= 48
Potentially appropriate to be included in the study n= 47
Studies excluded after abstract reading n= 1
Studies excluded after full-text reading n= 41
Studies included for the final analysis with and without thermocycling of the substrate after macroshear, macrotensile and microtensile tests.
Figs 4a-f
Mean bond strength (MPa) for substrate-adherent adhesion of the same kind (Substrate=Adherent) with and without water storage of the substrate after macroshear, macrotensile and microtensile tests.
Figs. 5a-f Mean bond strength (MPa) for substrate-adherent adhesion of dissimilar composites (Substrate≠Adherent) with and without water storage of the substrate after macroshear, macrotensile and microtensile tests.
